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ABSTRACT
The recently observed antiglitch of AXP 1E 2259+586 is inconsistent with
magnetar models, but may be explained as the consequence of sudden accre-
tion of retrograde matter or “propeller” interaction with surrounding matter.
AXP/SGR are explained as single neutron stars accompanied by fallback matter
from their natal supernovæ. Their phenomenology may be partly accretional and
partly the result of dissipation of magnetic energy.
Subject headings: antiglitch;AXP;magnetar;SGR
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1. Introduction
The magnetar model was suggested (Katz 1982) to explain the giant outburst of
March 5, 1979 from a source (now known as SGR 0526-66) in a young supernova remnant in
the LMC by the dissipation of a neutron star’s magnetic energy. It was further developed,
and the name “magnetar” coined, by Thompson & Duncan (1995) and subsequent work;
see Mereghetti (2008) for a review. The irregular and unpredictable behavior of Solar and
stellar flares, also powered by magnetic dissipation, is then a model of the behavior of soft
gamma repeaters (SGR). The amount of energy released in their most energetic outbursts
requires (Katz 1982) magnetic fields far in excess of the 1012–1013 gauss of typical radio
pulsars, an inference apparently confirmed by the subsequent measurement of the periods
(5–12 seconds) and spin-down rates of their steady emission, during which they are called
anomalous X-ray pulsars (AXP). Although most identified AXP have not been observed in
major outbursts, they are believed to be SGR between outbursts.
The magnetar model attributes the emission of radiation, steady but periodically
modulated (as in AXP) or episodic (as in SGR), to magnetic dissipation, but describes the
interaction of the neutron star with its environment as analogous to that of radio pulsars in
vacuum, so that the magnetic dipole moment may be inferred from the spin-down rate. The
picture was complicated by the discovery that some AXP have magnetic dipole moments
(inferred from their spin-down rates) within the range of those of radio pulsars. Something
other than magnetic dipole moment distinguishes AXP (and by implication SGR) from
those neutron stars that, if spinning fast enough, would be radio pulsars.
2. The Antiglitch
Archibald, et al. (2013) discovered an “anti-glitch” in the AXP 1E 2259+586. In
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contrast to the glitches of radio pulsars and other AXP, in the anti-glitch the rotation rate
suddenly decreased (spin-down). In all other glitches the rotation rate increases (spin-up),
which is explained as a sudden coupling of a more rapidly rotating superfluid component to
a solid crust whose rotation has steadily slowed. In any model based on an isolated rotating
object, such as classical (single) radio pulsars and the hypothesized magnetars, in which
rotation slows steadily, closer coupling to a superfluid component (or to any weakly coupled
rotating component) can only increase the rotation rate, because any weakly coupled
component must be rotating faster than the crust on which slowing torques are exerted.
In contrast, an anti-glitch requires coupling to a component rotating more slowly than the
crust was rotating before the anti-glitch, and hence more slowly than the crust has ever
rotated since the object’s birth.
Equally remarkable, after all other glitches the spin-down rate increased, and the
rotation rate partly relaxed to its pre-glitch spin-down trajectory. This is explained as
a reduction in the crust-core coupling following its sudden increase (and presumptive
reduction of the difference in their rotation rates) in the glitch; there may be an equilibrium
frequency lag, and deviations from it (like those following a glitch) gradually relax. In
contrast, the anti-glitch of 1E 2259+586 was followed by an increase in the steady spin-down
rate, inconsistent with a weakly coupled reservoir of angular momentum whose torque on
the crust is a monotonic function of the difference in their rotation rates.
3. Magnetar Models
Despite their popularity, there are unresolved problems with magnetar models. In their
most straightforward form, analogous to radio pulsars, their spin-down rates should be
nearly constant because they are proportional to the square of the magnetic dipole moment.
The stable spin-down rates of radio pulsars show that neutron star magnetic dipole
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moments, and any other properties that affect spin-down, do not change on short time
scales. If neutron star magnetic fields could reorder themselves freely, energy minimization
would long ago have reduced them to small values.
Even an SGR outburst should only change the magnetic configuration and dipole
moment by O(1%). This follows from comparison of the outburst energy to the magnetic
energy inferred from the spin-down rate. Empirically, it follows from the fact that typical
intervals between outbursts appear to be several decades or a century, but SGR are
generally found in SNR several thousand years old, implying that they undergo O(100)
outbursts in their lives.
This prediction of the magnetar model is contradicted by the observation of O(1)
changes in the spindown rates of SGR 1900+14 (Marsden, et al. 1999; Woods, et al.
1999; Palmer 2001), AXP 4U0142+61 (Dib, Kaspi & Gavriil 2007, 2008), and AXP 1E
1048.1-5937 (Dib, Kaspi & Gavriil 2009), among others.
4. Accretional Models
Accretional models, satisfactorily explaining X-ray emission from neutron
stars in binary systems, have been suggested as alternate explanations of AXP
(van Paradijs, Taam & van den Heuvel 1995) and even of the outbursts of SGR
(Katz, Toole & Unruh 1994; Katz 1996). In these models the outbursts are produced
by an optically thick photon-pair plasma (Katz 1996), just as they may be in magnetar
models (Katz 1982). Such a plasma has a characteristic photospheric temperature and
brightness determined by the requirement that an equilibrium pair plasma be optically
thick to Compton energy equilibration.
The chief observational objection to accretional models is the extreme faintness
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(in most cases, undetectability) of visible or infrared counterparts to AXP, such as
might be expected to be produced by the cooler regions of an accretion disc. However,
Chatterjee, Hernquist & Narayan (2000); Alpar (2001); Mereghetti (2008); Ertan, et al.
(2009); Malov (2010); Tru¨mper, et al. (2013); Alpar, C¸alis¸kan, & Ertan (2013) have
considered models based on supernova fall-back discs, consistent with the association of
AXP and SGR with young SNR. Katz, Toole & Unruh (1994) suggested that accretion
of discrete objects analogous to the planets orbiting a few radio pulsars, rather than of
a continuous disc, might explain both X-ray/γ-ray outbursts and faintness at visible and
infrared wavelengths; the visible and infrared luminosity of such objects would be very
small. In this model accretion occurs when collision or gravitational interaction produces
fragments with almost zero angular momentum, and the residual angular momentum may
be either prograde or retrograde, allowing for antiglitches.
Analogy to binary neutron star X-ray sources implies that in accretional models the
torques exerted on the neutron star by surrounding matter may produce either spin-up or
spin-down, may vary irregularly, and may be much larger than the electromagnetic torque
on an isolated neutron star. In an accretional model the magnetic field cannot be inferred
from the spindown rate with the usual pulsar relation, and it may be smaller than implied
by the magnetar model.
5. Application to AXP 1E 2259+586
In an accretional model the antiglitch of 1E 2259+586 is attributed to the accretion
of matter with the opposite sense of angular momentum as the neutron star’s rotation, or
to a transient increase in the “propeller” interaction of the neutron star’s magnetosphere
with surrounding matter. This interaction is also then the origin of the steadier spin-down
torque; its variability of a range of time scales, known from the spin histories of binary
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neutron star X-ray sources, explains the changing spin-down rates of AXP. Some of the
surrounding matter is expelled, carrying away angular momentum, but some of it may be
accreted, powering the steady X-ray emission. In such a model the dipole field cannot be
inferred from the spin-down rate.
The antiglitch of 1E 2259+586 is difficult to reconcile with the magnetar model without
extensive ad hoc complications. It is explicable in accretional models. Archibald, et al.
(2013), in their simplest fit, find the antiglitch magnitude to have been ∆ω ≈ −3 × 10−7/s.
For a specific angular momentum ℓ = 4 × 1017 cm2/s (corresponding to a plausible
magnetospheric radius of 109 cm) the accreted mass ∆M must have been about 1021 g, and
the accretional energy ∆E about 1041 ergs:
∆E = ∆MΩNS =
|∆ω|ΩNSINS
ℓ
, (1)
where ΩNS ≈ 10
20 erg/g is the neutron star’s gravitational binding energy and
INS ≈ 10
45g-cm2 its moment of inertia.
It is not possible to determine over what duration τ , within the observation-
ally constrained interval of about 106 s, this energy was released. At a distance
(Durant & van Kerkwijk 2006) of 7.5 Kpc the corresponding fluence was 1.5 × 10−5
erg/cm2 and flux 1.5× 10−11(106 s/τ) erg/cm2-s, consistent with the decaying increment to
the 2–10 keV X-ray flux observed by Archibald, et al. (2013) following the antiglitch. This
increment is also consistent with an accretional explanation of the more rapid spindown
during this period of increased flux, and its decay is consistent with the return of the
spindown rate to approximately its pre-antiglitch value in the latter half of 2012.
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6. Discussion
This argument may be applied to the giant outbursts of SGR. SGR 1900+14
underwent an outburst August 27, 1998 during which its spin rate may have decreased by
δω ≈ −1 × 10−4/s (Woods, et al. 2001). This may be considered to have been a giant
antiglitch, and, if so, its magnitude may have been consistent, allowing for uncertainty in
ℓ, with the emission of 1044 ergs in an accretional outburst. SGR 1806-20 underwent an
outburst 100 times more energetic on December 27, 2004, but for it |δω| . 4 × 10−6/s
(Woods, et al. 2007), inconsistent with accretional angular momentum transfer. In the
magnetar model changes in spin period during outburst are attributed to the expulsion of
matter. The changes in period in accretional and magnetar models are expected to be of
the same order of magnitude because in accretion models ℓ varies only as the 1/2 power
of the magnetospheric or accretion radius, and because in magnetar models the expulsion
velocity (from smaller radius) may exceed the Keplerian orbital velocity and may even be
relativistic. In any model, or phenomenologically, it is difficult to reconcile the disparate
rotation changes during these two giant outbursts unless the result for SGR 1900+14 is
considered only an upper limit.
In a hybrid model some of the three components (modulated steady emission, small
outbursts and giant outbursts) of AXP/SGR radiation are the result of accretion and some
the result of magnetic dissipation. Variable spin-down rates indicate the modulated steady
emission may be accretion of fallback matter. The antiglitch of 1E 2259+586 points toward
accretion, but the giant outbursts and frequent smaller eruptions of some SGR may be
easier to explain as magnetic flares.
The observation of the antiglitch supports the hypothesis that neutron stars in
environments intermediate between those of radio pulsars and binary X-ray sources become
AXP/SGR, as suggested by Alpar (2001). They may be surrounded by, and accrete,
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sufficient residual matter from their natal SN (consistent with their location in young
SNR) to slow their rotation and increase their spin-down rates to the observed values, and
to power their steady emission. Without stellar companions they do not have the rapid
accretional spin-up of binary neutron stars; and propeller spindown may occur instead.
This environment may be the critical factor distinguishing them from those neutron stars
that, when spinning more rapidly, are radio pulsars.
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